cAMP-dependent protein kinase (PKA) 1 is ubiquitous in mammalian cells. It plays an important role in many cell functions such as energy production, metabolism, ion channel activities, motility, transcription, differentiation, and signal transduction (1-6). PKA exists as a tetrameric holoenzyme, composed of two catalytic (C) subunits and two regulatory (R) subunits. The activity of PKA is controlled by the R subunit in response to cAMP. With an increase of cAMP and its subsequent binding to the R subunits, the C subunit is unleashed from the R subunit and can phosphorylate its nearby substrates. Substrate recognition for PKA requires the presence of two arginines at the P Ϫ2 and P Ϫ3 sites and a hydrophobic residue at the P ϩ1 site where the P site corresponds to the Ser or Thr to be phosphorylated (3, 7). Because the stringency for substrate is low, subcellular compartmentation of PKA is considered to play an important role in specific cellular regulation (8). With a local enrichment of PKA, phosphorylation may be limited to substrate(s) in the vicinity of the anchoring site.
cAMP-dependent protein kinase (PKA) 1 is ubiquitous in mammalian cells. It plays an important role in many cell functions such as energy production, metabolism, ion channel activities, motility, transcription, differentiation, and signal transduction (1) (2) (3) (4) (5) (6) . PKA exists as a tetrameric holoenzyme, composed of two catalytic (C) subunits and two regulatory (R) subunits. The activity of PKA is controlled by the R subunit in response to cAMP. With an increase of cAMP and its subsequent binding to the R subunits, the C subunit is unleashed from the R subunit and can phosphorylate its nearby substrates. Substrate recognition for PKA requires the presence of two arginines at the P Ϫ2 and P Ϫ3 sites and a hydrophobic residue at the P ϩ1 site where the P site corresponds to the Ser or Thr to be phosphorylated (3, 7) . Because the stringency for substrate is low, subcellular compartmentation of PKA is considered to play an important role in specific cellular regulation (8) . With a local enrichment of PKA, phosphorylation may be limited to substrate(s) in the vicinity of the anchoring site.
Specific subcellular localization of PKA is achieved through the binding of R subunits to a class of scaffold proteins termed A kinase anchoring proteins (AKAPs). Depending on the targeting domain or motif an AKAP carries, it can bring PKA to different subcellular locations such as the nucleus, plasma membrane, ER, Golgi, mitochondria, microtubules, etc. and can mediate different cAMP signaling events (9 -12) . Mammalian cells express multiple forms of R and C subunits that assemble to form different holoenzyme isoforms. There are two general classes of R subunits (RI or RII) that form the corresponding holoenzymes, PKAI and PKAII, respectively, and these are differentially distributed in mammalian tissues. RI is predominant in growing and tumor cells, whereas RII is largely expressed in differentiated cells (13, 14) . The R subunits also differ in their regulation and biochemical properties. RI has a higher affinity for cAMP than RII, so that PKAI is activated transiently by a weak cAMP signal. In contrast, PKAII responds to high and persistent cAMP stimulation (15, 16) . Most of the AKAPs bind to RII. A few bind to both RI and RII, and two have been identified that specifically bind only to RI (12, 17) . Because the AKAPs can also bind to other regulatory proteins such as protein kinase C, calcineurin, AMY-1, PP1, and PDE2, they very likely play a role in the integration of complex signaling networks (11, 18, 19) . D-AKAP1 is one of the dual-specific AKAPs that were originally identified through interaction with RI␣ (20) . In addition to binding both PKA-I and PKA-II, different splice variants of D-AKAP1 can localize to endoplasmic reticulum (ER) or mitochondria, indicating that this protein is probably a multipurpose regulator in cell signaling (8, 21) . Several isoforms of have been identified (D-AKAP1, S-AKAP84, AKAP121, and AKAP149) (20, (22) (23) (24) (25) . They vary at the N terminus and/or the C terminus, with the dual-specific R binding domain located within the common core in the center of the molecule. It has been shown that AKAP149 is involved in nuclear lamina assembly and may play an important role in mitosis (18, 26) . The targeting domain of D-AKAP1 is located at the N terminus (20, 23) . Molecules bearing a shorter N terminus (D-AKAP1a and -1c) target to mitochondria, whereas those bearing 33 additional residues (N1) at the N terminus (DAKAP1b and -1d) target to ER (27) . The mitochondrial targeting motif is also part of the ER-targeting element and therefore may be involved in both mitochondria and ER targeting (27) .
Because 15 residues in this motif are homologous to the mitochondrial targeting sequence of hexokinase I (27, 28) , these two molecules may likely use a similar mechanism to target to mitochondria. Hexokinase is a well known mitochon-drial outer membrane-binding protein that participates in the regulation of glycolysis and ATP production. It binds porin as part of the regulation of ATP export from mitochondria. The targeting to mitochondria is reversible in response to the cellular level of Glu-6-P (29) . A comparative study of D-AKAP1 and hexokinase I is, therefore, a good prototype for understanding the molecular mechanism of mitochondrial targeting. In addition, the comparison provides a tool to study the relationship between a mitochondrial targeting motif and an ER-targeting signal.
The anchoring of PKA on both mitochondria and ER implies that PKA may be involved in the general cellular metabolism related to these two organelles, such as energy production, protein synthesis, Ca 2ϩ signaling, or apoptosis. To understand the role of PKA anchoring on these two organelles and how the anchoring is regulated, we explored the molecular basis for D-AKAP1 binding to mitochondria and ER. Extensive mutagenesis showed that one hydrophobic surface of the 15-residue hexokinase-homologous segment contained the key elements for mitochondrial targeting. The same 15 residues are also part of the ER-targeting signal, but multiple hydrophobic residues are required that encompass both surfaces of the helix. We propose that the 15-residue motif in the mitochondrial targeting domain is bifunctional and is required for both ER and mitochondrion targeting.
EXPERIMENTAL PROCEDURES
Expression Constructs-For studying the N terminus of D-AKAP1, full-length D-AKAP1a and -b were subcloned into pCMV-Sport1 (Invitrogen) at EcoRI and XhoI sites. For easier detection, a FLAG tag (DYKDDDDK) was added to the C terminus by using the inverted PCR method for all the constructs with half of the tag incorporated in each of the primers (30) . For detecting initiation of translation, the N-terminal fragments up to residue 175 of D-AKAP1 were subcloned into pCDNA3 (Invitrogen) between EcoRI and XhoI sites with PCR and translated with a quick-coupled T7 TNT system (Promega). To identify the minimal targeting motif, the N-terminal sequences ending at position 60 or 63 were inserted between EcoRI and BamHI sites in pEGFP-N1 (CLON-TECH). The amino acid numbering of D-AKAP1 corresponds to the full length of D-AKAP1b, where the first residue is number 1. Consequently, D-AKAP1a starts with amino acid 34. The hexokinase I (N-terminal half) cDNA and GFP fusion constructs (31) were gifts from Dr. John Wilson (Michigan State University). GFP fusion construct mtGFP (32) , which contains 31 residues of the precursor of subunit VIII of cytochrome c oxidase N-terminal to the yellow fluorescent protein (33) , was a gift from Dr. R. Y. Tsien (University of California, San Diego) and was used as a mitochondrial marker. The ER-targeting construct, ER-GFP (34) , which contains the first transmembrane domain of the human lamin B receptor (residues 206 -254) N-terminal to enhanced GFP, was a gift from Dr. D. G. Pestov (University of Illinois) and was used as an ER marker.
Mutagenesis-Most of the mutations in the targeting domain of D-AKAP1 shown in Fig. 2 were made using the Kunkel method (35) . A few difficult mutants were made using a modified quick-change method (36) with one primer in a 10-l reaction. Other point mutations were made using an inverted PCR method (30) , with the mutations incorporated into one of the primers. The D-AKAP1-hexokinase domain swap constructs were made with a mega-primer method (37), followed by the standard molecular cloning protocols (38) . The oligonucleotides GTAG-TTGCGCGGCGATCAGTCCGGGCAACGCCAAGG and TTTTGACTT-GGTCATCCTTTTTACGAGAGAAAAACC were used together with a primer near residue 20 of D-AKAP1 (TAGGATCCGGAGGTGTAGC) to make mega-primers to merge D-AKAP1 and hexokinase at residues 49 or 63, respectively. Oligonucleotides CTGCTGCTGAGCCGATCCTTC-AGCTCGGTGAAGT together with a primer (GGGAGGTGTATATAA-GCAGAGCT) in the cytomegalovirus promoter make mega-primers that fuse the N terminus of hexokinase I to D-AKAP1 sequences. A common second primer at the C-terminal FLAG tag for D-AKAP1 (CT-TGTCGTCATCGTCTTTGTAGTC) or end of GFP for hexokinase (AG-AGTCGCGGCCGCTT) was used in combination with the mega-primer to make the final fusion product with D-AKAP1 or hexokinase, respectively. The insertion of hexokinase I sequences into D-AKAP1b was made by inverted PCR. Half of the coding sequences of hexokinase sequences were included in each primer pair, CTTCAGCTCGGTGAA-GTAATAGG and ATGCTGGCCCTCCTTGGCTGG for hexokinase-D-A-KAP1 junction, and TTTTTTACGAGAGAAAAACCACCAC and ATGA-TCGCCGCGCAACTACTG for D-AKAP1-hexokinase junction, in the inverted PCRs. The PCR products were then circularized with T4 DNA ligase (Invitrogen) for 15 min at room temperature before transforming DH5␣ cells. The partial fusion constructs of hexokinase I-D-AKAP1 were made by deleting 15 different residues from the insertion constructs with inverted PCR, resulting in fusion proteins with different junction points.
Transfection and Microinjection-Microinjection of DNA was done as described previously (39) . DNA samples were prepared with a midiprep kit (Qiagen) and diluted to 10 g/ml in H 2 O before injection. Transfection was done with either Superfect (Qiagen) or LipofectAMINE (Invitrogen) according to Ma and Feramisco. 2 Basically, 10T1/2 cells were cultured with Dulbecco's modified Eagle's medium plus 10% fetal bovine serum in a 6-cm dish containing 12 pieces of 1-mm round cover slips (Fisher) to get 60 -70% confluency. The cover slips were then transferred to a 24-well dish for transfection. DNA samples were prepared with Quantumprep mini-kit (Bio-Rad) from an overnight culture. Cotransfection was done by mixing several kinds of DNA species at different ratios, adjusted to the same amount with DNA from the blank vectors. The amounts of DNA and transfection agents were used according to the manufacturer's instructions.
Immunofluorescent Staining and Photomicroscopy-Staining was done as described earlier (39) with slight modifications. Approximately 6 -7 h after injection or transfection, the cells were washed once with phosphate-buffered saline and fixed at room temperature for 10 min with 4% paraformaldehyde in phosphate-buffered saline, pH 7.5. The cells on cover slips were then permeabilized with 3% Triton X-100 for 15 min at room temperature and incubated with 30 l of diluted antibodies at 37°C for 1 h. An antibody against the C-terminal FLAG tag (40) was used to detect mitochondrial targeting of D-AKAP1, and an antibody against the N-terminal 33 residues (20, 27) was used to detect ER targeting of D-AKAP1b. All the antibodies were diluted in a solution containing 0.5% Nonidet P-40 and 5 mg/ml bovine serum albumin in phosphate-buffered saline. Rabbit polyclonal antibodies against D-AKAP1 (N1 and RPP7) were used at a 1:100 dilution as described (20, 27) . Monoclonal ␣FLAG antibody (Eastman Kodak) was diluted 150-fold from the stock of 1 mg/ml. All the other unspecified secondary antibodies with rhodamine or fluorescein conjugates were from The Jackson Laboratory and were used in a final concentration of 10 g/ml. The cells were examined and photographed with a Leica Axiophot microscope equipped with a Hamamatsu chilled 3CCD camera.
RESULTS

D-AKAP1 Can Generate Multiple Isoforms at the N Terminus by Differential Initiation of Translation-D-AKAP1
with two alternative splicing forms at the N terminus was able to encode for two isoforms that target to ER and mitochondria, respectively (20, 27) . As diagrammed in Fig. 1 , there are three codons for methionine within the 63-residue targeting domain at positions 1, 34, and 49, respectively. All of these initiation codons are located in the near-optimal consensus for eukaryotic initiation of translation and can therefore be potential initiation sites (41) . Initiation of D-AKAP1b from Met-34 would produce D-AKAP1a. However, initiation from Met-49 would produce a shorter molecule, denoted D-AKAP1Ϫ (49), with only 15 residues in the targeting domain. Because there was no antibody available to distinguish between the small differences in the N terminus of D-AKAP1a, we substituted the second initiation codons with CTG in the mutant M49L, or we deleted the first 15 residues in mutant ⌬1-48 (producing D-AKAP1Ϫ (49)), which would allow initiation from only one of the methionines. To determine whether both initiation codons are used in D-AKAP1, we subcloned the N-terminal fragment of D-AKAP1a (up to residues 175), and we examined the peptides produced in an in vitro translation assay. As shown in Fig. 1C , D-AKAP1a can produce two products corresponding to initiation from residues 34 and 49, respectively. As controls, M49L and ⌬1-48 each produce only one band, corresponding to initiation at Met-34 or Met-49. This way of generating two overlapping peptides from a single mRNA could be mediated by leakyscanning initiation of translation (42) . Therefore, translation would be another mechanism, in addition to splicing, to generate isoform diversity for of D-AKAP1 with multiple N termini.
A 15-Residue Segment Is Sufficient for Mitochondrial Targeting-It is not surprising to see that ⌬1-48, with only 15 residues in the targeting domain, is able to target to mitochondria with a pattern similar to mtGFP ( Fig. 2A ), because these 15 hydrophobic residues (49 -63) are highly homologous to the N-terminal 15-residue mitochondrial targeting domain of hexokinase I (Fig. 1B) (20, 28) . Probably because of outer mitochondrial membrane targeting, D-AKAP1 with either a 15-or 30-residue targeting domain is more intense near the nucleus, in contrast to the lumen targeting mtGFP that is distributed relatively evenly in the cell ( Fig. 2A, a-f ). D-AKAP1 and hexokinase I all have positively charged residues C-terminal to the hydrophobic stretch in the targeting domain, characteristic of mitochondrial outer membrane-binding proteins (43) (44) (45) . Removal of these charged residues, residues 49 -60, leads to loss of mitochondrial targeting in a GFP fusion construct ( Fig. 2A) . The hexokinase targeting domain adopts an amphipathic helix structure and is considered to lie on top of the lipid bilayer and then insert into the mitochondrial outer membrane (28, 29, 44) . This mitochondrial targeting domain in hexokinase is necessary and sufficient for mitochondrial targeting (31, 46) . To see whether the corresponding 15 residues in D-AKAP1 are also sufficient for targeting to mitochondria, we performed several domain-swap experiments, exchanging these 15 residues between D-AKAP1 and hexokinase I, and we also fused the 15-residue minimal motif to GFP. This "minimal" motif can bring either the hexokinase I or the GFP fusion protein to mitochondria ( Fig. 2A) . Residues 34 -48 are not required for mitochondrial targeting. Placing these residues N-terminal to the hexokinase sequences also has no effect on mitochondrial targeting ( Fig. 2A) . Therefore, it is apparent that the 15-residue mitochondrial targeting motifs from hexokinase I and D-AKAP1a each contain all the elements needed for targeting and are mutually exchangeable for binding to mitochondria.
Hydrophobicity Rather Than Specific Residues Is Important for Mitochondrial Targeting-To determine the mechanism for D-AKAP1a targeting to mitochondria, we performed single amino acid scanning mutagenesis as follows: changing residues 37-39 to Ala; changing every residue between positions 40 and 60 to the neutral polar residue Asn; and the basic residues in 61-63 to Glu (Fig. 2B) . Because the mutation M49L in D-AKAP1a does not affect mitochondrial targeting ( Fig. 2A) , all the mutations at positions 34 -48 were made in the M49L mutant to avoid interference by the mitochondrial targeting products initiated from Met-49 ( center of the hydrophobic stretch) abolished mitochondrial targeting and generated a punctate pattern over a diffused background. The involved residues are marked with open squares in the left panel of Fig. 2B . These data suggest that the degree of hydrophobicity in a 12-residue region is necessary for mitochondrial targeting, but no single amino acid is critical.
The effects of other mutations are also summarized in the left panel of Fig. 2B. As exemplified by sub-(43-45) shown on the right panel, mutations at residues 37-45 have no effect on mitochondrial targeting, and this agrees with the finding that residues 49 -63 are sufficient for mitochondrial targeting (Fig.  2A) . On the other hand, although residues 46 -48 are not within the minimal domain (residues 49 -63), these residues cannot tolerate a triple Asn substitution. Probably the three foreign asparagines reduced the net hydrophobicity of the targeting domain. Mutations at residues 58 -60 also had no effect on targeting, probably because they are located outside the hydrophobic core. Surprisingly, mutation of residues 61-63 that removes the three positively charged residues also does not affect mitochondrial targeting. Most likely the Arg-65 immediately to the C terminus provides the positive charge required to cooperate with the central hydrophobic residues for mitochondrial targeting.
Specific Residues and Hydrophobicity Are Required for ER Targeting-Because the mitochondrial targeting motif is also needed for ER targeting in D-AKAP1b, it is important to determine what role this motif plays in ER targeting. For this purpose we converted the single-and triple-residue scanning mutations into D-AKAP1b, and we tested their effect on ER targeting using an antibody against N1. We also mutated residues 34 -36 to Asn to cover the junction. As summarized in Fig. 2C , all the triple-residue mutations that abolished mitochondrial targeting in D-AKAP1a also abolish ER targeting and lead to a diffused pattern, as shown with open boxes below the affected residues. In addition, the region that is sensitive to triple-residue substitution was expanded back to residue 40 and spans 18 residues in D-AKAP1b. The polar residue-rich region of N1 that precedes the hydrophobic core may have reduced the general hydrophobicity of the targeting domain and made the targeting motif sensitive to the substitution mutations. Another major difference in targeting to the two organelles is the different sensitivity of D-AKAP1a and D-AKAP1b to single-site mutations. As shown earlier, no single Asn substitution between residues 43 and 60 abolished mitochondrial targeting. In contrast, most of these single-site mutations are detrimental for ER targeting, except for residues 35-40 and 59 -63 that flank the expanded hydrophobic core, as summarized in the left panel of Fig. 2C with a few representative cell images in the right panel. The sensitivity to replacements with a single polar residue reflects a strict requirement for hydrophobicity in the ER-targeting domain in D-AKAP1b. Supporting the conclusion that hydrophobicity is the important factor, a conservative mutation at Met-49 to a hydrophobic residue, Leu, did not compromise ER targeting although M49N does (Fig. 2C) .
There are some other differences in the requirements for targeting to the two organelles. Triple mutations in residues 61-63 (to three Glu) had no effect on mitochondrial targeting but abolished ER targeting in D-AKAP1b. However, singleresidue mutations in this region had no effect suggesting that three glutamic acids may have caused too much disturbance for ER targeting. Residues 34 -39 sit between N1 and the hydrophobic sequences. It may just serve as a linker, because deleting these residues does not affect ER targeting (Fig. 2C, left and  right panels) . Small disturbances to this region with singleresidue mutations also had no effect on ER targeting. Stronger disturbance with triple mutations of residues 37-39 caused a largely diffused pattern, and mutations of residues 34 -36 resulted in mixed ER and mitochondrial targeting, probably because the mutations disturbed the interaction between the linked N1 and the mitochondrial targeting motif. Insertion of the two residues QL between residues 38 and 39 next to the linker region caused mitochondrial targeting, but insertion of the four residues QLQQ in the same position gave a diffuse pattern (Fig. 2C) . The strict requirement of ER targeting for hydrophobic residues may reflect a different mechanism of interaction with the ER membrane as compared with the mitochondrial membrane.
An Element in the Minimal Mitochondrial Targeting Motif Is Required for ER Targeting-Because the mitochondrial targeting domain of hexokinase I is equivalent to the 15-residue minimal motif in D-AKAP1a for mitochondrial targeting, it provided an opportunity to study the relationship between the mitochondrial targeting motif and the ER-targeting motif in N1. For this purpose, we substituted the 15-residue minimal mitochondrial targeting motif (residues 49 -63) in D-AKAP1 with the corresponding hexokinase I sequences. This chimera was subsequently used to examine whether the extra 33 residues in N1 carry a general inhibitor of the mitochondrial targeting signal and, if so, how this modifier can direct the formation of an ER-targeting signal (Fig. 3A) .
As shown in Fig. 3A , the chimeric protein (1b-HK) lost targeting ability and distributed diffusely in cells. In contrast, when only residues 34 -48 from D-AKAP1a were fused to the N terminus of the hexokinase I, the resulting chimerical protein 1a-HK targeted to mitochondria. The targeting was probably mediated by the hexokinase sequences (Fig. 3A) . Thus the extra 33 residues at the N terminus N1 can inhibit the mitochondrial targeting activity of the hexokinase motif but cannot form a functional ER-targeting signal with the sequences from hexokinase I. However, when we inserted the 15-residue minimal mitochondrial targeting sequence from D-AKAP1a (residues 49 -63) back into the fusion protein, either N-terminal or C-terminal to the hexokinase insert, ER targeting was restored (Fig. 3A) . Therefore, the inability of the chimera to target to ER does not seem to be caused by an inhibitory effect of the hexokinase sequence; instead one or more elements necessary for ER targeting are missing from the hexokinase insert. The additional 33 residues (N1) carried with D-AKAP1b appear to serve as a modifier that alters the targeting motif by inhibition of the mitochondrial targeting signal and exposure of an ERtargeting signal. Furthermore, the relative location of the minimal 15-residue element does not appear to be important, suggesting that the modifier sequence and the mitochondrial targeting sequence can be spatially separated, implicating that they may be two isolated motifs.
Three Hydrophobic Residues in the 15-Residue Mitochondrial Targeting Motif Are Necessary for ER Targeting-Be-
cause the homology between the mitochondrial targeting motifs of D-AKAP1 and hexokinase I is very high, the missing key elements for ER targeting in the fusion protein (1b-HK) could be located to within a few residues. To pinpoint what is missing, we performed a partial domain-swap experiment between the two motifs to test the ability of the D-AKAP1 residues to rescue ER targeting of the disabled fusion protein.
As shown in Fig. 3B , different parts of the 15-residue segment contribute to ER targeting to different extents. Although most of the hexokinase sequences abolish ER targeting, there are some subtle differences among them, and these differences probably reflect their different contribution to ER targeting. When the residues at positions 60 -62 of the fusion protein were changed to the corresponding residues from D-AKAP1, there appeared to be no improvement in ER targeting. When residues 49 -54, 55-58, or 57-62 were changed, respectively, we observed a diffused pattern with low level of network-like structure (partially diffused). However, the effect was more pronounced when a larger region was swapped; residues 49 -58 can completely restore ER targeting, whereas residues 55-62 or 49 -54 and 57-62 can only partially restore ER targeting, generating a barely visible ER pattern over a diffusion background (weak ER). Apparently, the N-terminal side is more important and could harbor the key element(s). Considering the small difference in position 50 between an Ile and Leu, we focused on residues 52-56, where four of the five residues are very different.
Of the four residues, position 54 is a Gly in D-AKAP1, which corresponds to a Leu in hexokinase, and therefore is unlikely to be part of the missing element. However, the Ala, Gln, and Ala at positions 52, 53, and 56 are located on the non-hydrophobic surface of the amphipathic helix in hexokinase I (28) (Fig. 4A) . Comparatively, the corresponding residues in D-AKAP1 (Leu, Leu, and Trp) form a surface with high hydrophobicity in a comparable projection (Fig. 4A) . Therefore, we predicted that the hydrophobicity of these residues, probably in an ␣-helix, could be important for ER targeting. To determine whether these three residues are the missing elements in the chimera that are necessary to support ER targeting, the hexokinase I sequences at these three positions were converted into the corresponding residues in D-AKAP1. As shown in Fig. 4B , conversion of any two residues only partially restored ER targeting, whereas changing all three residues completely restored ER targeting. Comparison of D-AKAP1b with the chimera protein (1b-HK) revealed that the 15-residue targeting helix must have hydrophobic residues with long side chains on all surfaces in the center of the core for ER targeting (Fig. 4A) .
The Entire Hydrophobic Region Is Required for ER Targeting-Because changing residues 52, 53, and 56 to stronger hydrophobic residues can enable the hexokinase I sequence to support ER targeting, these residues may be required to form a contact surface for interacting with the ER membrane. To determine whether these three residues in D-AKAP1b are required for targeting to ER, we changed them one by one and in combinations into the corresponding hexokinase I sequence. As shown in Fig. 4C , changing all three residues gave a completely diffuse pattern. Changing Leu-52 and Trp-56 or Leu-53 and Trp-56, which represents residues on two consecutive turns of a helix projection, caused a partial diffuse pattern. In contrast, changing adjacent residues Leu-52 and Leu-53 generated weak ER targeting over a diffused background, in a way similar to the respective single-site mutations (Leu-52, Leu-53, or Trp-56). It appears as though each of the three residues is required for ER targeting, and their contributions to ER targeting are additive. Residues on the other side of the helix projection are also sensitive to Asn substitution for ER targeting (Fig. 2C) . However, to see whether it is the degree of hydrophobicity that is responsible, we introduced a weak hydrophobic residue, Ala, two residues at a time as follows: Trp-55 and Phe-58, Trp-55 and Phe-59, or Trp-57 and Phe-58. The shortening of the side chain to Ala in all the mutants significantly reduced ER targeting (Fig. 4C) , suggesting that strong hydrophobicity in the whole helix is required for ER targeting.
Only One Surface of the Hydrophobic Helix Is Required for Targeting to Mitochondria-Because the mitochondrial targeting signal of D-AKAP1 is exchangeable with the hexokinase signal, and the hexokinase sequence adopts an amphipathic helix, we wondered whether the mitochondrial targeting sequence in D-AKAP1 also only needed one hydrophobic surface. To test this possibility, we employed similar mutations for ER targeting that were made to address the hydrophobic surfaces, and we examined the effect on mitochondrial targeting (Fig.  5A ). Residues 52, 53, and 56 correspond to the non-hydrophobic surface of hexokinase helix, as compared in Fig. 4A . Although single Asn mutations on these residues have no effect on mitochondrial targeting, changing all three residues into the hexokinase residues (AQ and A) drastically reduced mitochondrial targeting and formed a punctate pattern over a diffused background (Fig. 5B) . Converting the potential helix breaker Gly-54 to Leu does not improve the defect in the above mutant (AQ and A) (Fig. 5, A and B) . By examining the sequences of the mitochondrial targeting motifs carefully, we find that the positively charged residue Lys-15 in hexokinase is on the non-hydrophobic surface in the hexokinase helix (Fig. 4A) . However, in D-AKAP1 there are three consecutive positively charged residues. If we align the surface that bears the three charged residues to the non-hydrophobic surface of hexokinase by twisting 100°clockwise (Figs. 4A and 5C ), residues 52, 53, and 56 will sit on the side corresponding to the hydrophobic surface of the hexokinase helix. The requirement of these residues suggested that the hydrophobic surface is an important element in the mitochondrial targeting motif.
To narrow down the required residues on the surface, we examined the mutants on residues 52 ϩ 56 and 53 ϩ 56, and we found they have no effect; only the mutants on 52 ϩ 53 compromised mitochondrial targeting (Fig. 5, A and B) . We also used the weak hydrophobic residue Ala to replace Gln in position 53 in the double mutants, and we got the same results (Fig.  5, A and B) . It seems the hydrophobicity near the N-terminal side on this surface is important for mitochondrial targeting. Supporting this hypothesis, double Ala mutation of residues 55 ϩ 58 and 55 ϩ 59 that sit on the same side of the charged surface or of residues 56 ϩ 57, and 57 ϩ 58 that are one turn to the C terminus are not required for mitochondrial targeting (Fig. 5, A and B) . Furthermore, the mutation of residues 55-58 that introduced an alanine and two hydrophilic tyrosines also does not affect mitochondrial targeting (Fig. 5A) . On the other hand, as shown in Fig. 2B , the triple Asn mutants that abolished mitochondrial targeting are only limited to the region beyond residue 57. Therefore, the mitochondrial targeting motif of D-AKAP1 is the same as hexokinase, which requires a hydrophobic surface on the opposite side of the charged group. The other hydrophobic residues in the region may be necessary for ER targeting.
DISCUSSION
The targeting motif of D-AKAP1 has been dissected to determine the molecular basis for localizing the same molecule to two organelles, as diagrammed in Fig. 6 . A small 15-residue hydrophobic element is required for both mitochondrial (DAKAP1a; N0) and ER targeting (D-AKAP1b; N1). The extra sequences in D-AKAP1b (N1) modified the properties of the hydrophobic sequences and converted the motif from a mitochondrial targeting signal into an ER-targeting signal, whereas in D-AKAP1a (N0) the ER-targeting signal is suppressed. The modifier sequences contained in N1 are required to inhibit mitochondrial targeting, even though the downstream hydrophobic sequences are capable of supporting ER targeting, suggesting that the inhibition of mitochondrial targeting and exposing of the ER signal can be separable events. The same experiments also showed that the distance between the modifier and the hydrophobic core can be separable as well, suggesting that the two modules may be independent subdomains. The mechanism of interaction between these two modules may be direct or could involve indirect interaction through another protein in cells.
The 15-residue hexokinase-homologous motif is sufficient and necessary for mitochondrial targeting. Although this motif is capable of forming a strong hydrophobic helix, mutagenesis showed that for mitochondrial targeting one hydrophobic surface on the opposite side of the positive charges is sufficient, similar to what has been found in hexokinase I (Fig. 6) (31, 46) . Therefore, D-AKAP1 and hexokinase I very likely use the same mechanism to target to mitochondria, with the targeting do- main lying on top of the mitochondrial outer membrane. Although interaction with lipids is probably important for both mitochondrial and ER targeting, mutagenesis data suggested that D-AKAP1b might have a different way of interacting with ER, as individual residues are required in contrast to the more general requirement for hydrophobicity in D-AKAP1a (Fig. 6) . The high degree of sensitivity to mutation for ER targeting implies that the hydrophobic region between residues 40 and 58, covering the hexokinase-homologous motif and the adjoining hydrophobic residues in N1, is prone to alteration in hydrophobicity. This hydrophobic region may be inserted into the lipid membrane or could possibly span the ER membrane leaving the short N-terminal sequences on the lumen. The existence of two prolines at positions 43 and 47 and two glycines at positions 48 and 54 makes it very unlikely that this 18-residue hydrophobic segment will form a typical transmembrane ␣-helix. Part of this region may interact with the lipid as a coil; however, another interacting protein may also be involved for ER targeting.
The 15 residues at positions 34 -48 are also hydrophobic and weakly homologous to the hexokinase sequence. However, these sequences were not sufficient for mitochondrial targeting when we deleted the 15-residue minimal motif (data not shown). They also are not necessary; removal of these residues does not affect mitochondrial targeting. What these residues do and the advantage of carrying these sequences in D-AKAP1a are not clear. However, we still cannot exclude the possibility that the 30-residue element may function as a domain and may bind to a different partner on mitochondria. If one looks at the conservation of this 30-residue motif across species between human, mouse, rat, and Fugu rubripes, it is highly conserved suggesting a functional role (20, 22, 25, 47) . In ER targeting, however, the 15-residue segment in positions 34 -48 could be a linker between the modifier and the hydrophobic core (Fig. 6) . When we mutate in this region in D-AKAP1b, we see that mutations close to the modifier affect the inhibition of mitochondrial targeting, whereas those that are close to the hydrophobic region affect ER targeting (Fig. 2C) .
In general, the N terminus of D-AKAP1 has a novel organization. Although the role of the first 15 residues in D-AKAP1a is unknown, D-AKAP1a can produce two mitochondrial targeting molecules. In D-AKAP1b, on the other hand, a very simple mechanism is used to generate the ER-targeting signal; the addition of an extra 33 residues by splicing inhibited mitochondrial targeting and modified the existing motif for ER targeting. According to this hypothesis, the gene that encodes for the mitochondrial targeting element (D-AKAP1a) bears extra hydrophobic residues that are not required for mitochondrial targeting but are necessary for interaction of the N1 gene product with ER. Finally, differential translation initiation can also alter the ratio of targeting to ER versus mitochondria, making translation an additional mechanism besides splicing to modulate the localization of D-AKAP1 in cells.
